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White-nose syndrome (WNS) is a lethal fungal dis-
ease affecting cave-dwelling North American bats that
was first identified in 2006 in New York (Blehert et al.
2009). The disease affects bats during the hibernation
period, and the high mortality rate is predicted to lead
to the regional extinction of some bat species (Frick et
al. 2010). In eastern Canada, a full understanding of
white-nose syndrome is hindered by lack of informa-
tion on the size of bat populations prior to the outbreak
of white-nose syndrome, the locations of hibernacula,
and the features that characterize cave and mine sites
occupied by bats during the winter. Such information
can help support efforts to better understand how white-
nose syndrome is spread, allow the magnitude of bat
mor tality to be assessed, and assist investigators in
deter mining whether the physical characteristics of
hibernacula influence the ecology or impact of white-
nose syndrome. 
Surveys of New Brunswick bat hibernacula have not
been conducted for more than 25 years (McAlpine
1983), and initial surveys were relatively superficial.
Although there are approximately 25 natural solution
caves in New Brunswick (McAlpine 1983; Arsenault
et al. 1997), less than half of these are apparently suit-
able as bat hibernacula. Most of the known hibernacu-
la in Nova Scotia and New Brunswick rarely contain
more than a few hundred bats (Moseley 2007a). The
largest known concentration of hibernating bats in the
Maritime provinces occurs in Hayes Cave, Nova Sco-
tia, where approximately 10 000 bats, mainly Myotis
spp., have been recorded (Moseley 2007a). 
No studies on the environmental conditions of New
Brunswick caves have previously been undertaken.
The temperature of the dark zone (zone of no light
penetration) in Frenchman’s Cave in Nova Scotia has
been recorded to range from approximately 4 to 8°C
annually (Moseley 2007b). In contrast, the dark zone
temperatures of some large European caves varies by
0.1–0.5 Celsius degrees over the course of the year
(Hoyos et al. 1998; Laiz et al. 2003; Jurado et al. 2010).
Although the data are limited, none of the Nova Scotia
caves studied by Moseley (2007b) maintained a con-
stant temperature in the dark zone (the temperature
range was approximately 4 Celsius degrees over the
year), due to relatively short passage length, the pres-
ence of running water, or air flow associated with mul-
tiple entrances (Moseley 2007b). New Brunswick caves
are similar in structure to the Nova Scotia caves stud-
ied by Moseley (2007b) and on this basis they would
be expected to show similar temperature patterns.
In 2009, in anticipation of the spread of white-nose
syndrome to New Brunswick, we initiated a project to
survey bat populations at known hibernacula and to
characterize the microclimate in these sites. Here we
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present data on bat numbers at all known New Bruns -
wick hibernacula prior to the outbreak of white-nose
syndrome and incorporate data from the outbreak of
white-nose syndrome in the province. We also compare
data on the microclimate of New Brunswick caves and
mines, focusing on those used as hibernacula, to cor-
relate bat abundance with cave environmental features.
Study Area and Methods
Eight caves and two abandoned manganese mines
in southern New Brunswick, including all of the most
significant bat hibernacula known in the province, were
selected for study (McAlpine 1983) (Figure 1). The
caves are natural solution caves (i.e., have developed in
limestone and gypsum bedrock). There are few areas
of New Brunswick with geology that will support the
formation of natural solution caves (Figure 1), and the
number of abandoned mines suitable as bat hibernac-
ula appears to be limited (Cory Neumann, Minerals
and Petroleum Development Branch, New Brunswick
Department of Natural Resources, personal commu-
nication to DFM). The dimensions of the caves and
one of the mines were previously mapped by McAlpine
(1976, 1982, 1983) and Arsenault et al. (1997). Unless
stated otherwise, our use of the word “cave” includes
both natural solution caves and abandoned mines. 
Generally, a single visit per cave per year, in the lat-
ter half of the winter hibernation period (“winter” is
here defined as 1 November to 30 April), was under-
taken to count bats. We did not distinguish between
Myotis spp., since most bats were roosting beyond our
reach and we wished to minimize disturbance to those
hanging lower down on vertical surfaces. However,
Perimyotis subflavus, Tricolored Bat, could be identi-
fied without handling on the basis of size, coloration,
and roosting habits. Visits were kept to a minimum
because hibernating bats will arouse even with non-
tactile human disturbance (e.g., light and sound), and
repeated disturbance can lead to increased bat mortality
(Thomas 1995). Although at the outset of this work and
through 2010 all evidence suggested that white-nose
syndrome was not present in the region, all survey par-
ticipants followed the United States Fish and Wildlife
Service protocol to minimize the spread of white-nose
syndrome (U.S. Fish and Wildlife Service 2009) when
visiting multiple caves. 
Bat abundance was estimated based on the mean of
independent counts by two to four individuals each
using hand-held tally counters. Photography of roost-
ing bats, although initially attempted as a census meth -
od (Meretsky et al. 2010), was not found to be practi-
cal, since bats were relatively few in number (<300 at
most sites), were often widely dispersed in the hiber-
nacula (clusters of <50 bats), or were in passages where
photography was not possible (i.e., high on vertical
walls in narrow passages). Only live bats were counted,
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FIGURE 1. A) Grey-shaded polygons indicate state and provincial counties or districts in eastern North America where
white-nose syndrome had been confirmed or suspected up to the winter of 2009-2010, based on United States Fish
and Wildlife Service data, and prior to its spread into New Brunswick. Three suspected sites, west of the map region
shown, are not included. B) The location of the 10 caves and mines surveyed for bats in New Brunswick during the
study (open circles). An arrow marks the Berryton Cave site. Black areas show the limited areas of limestone and
gypsum in New Brunswick where natural solution caves might develop.
with the exception of Berryton Cave in 2011, when both
live and recently dead bats were counted. Counts were
conducted between January 2009 and March 2011. 
Temperature/humidity logger iButtons (model
DS1923-F5, Maxim Integrated Products, Inc., Sunny-
vale, California) were placed in the caves in the fall of
2009 and retrieved in the fall of 2010. iButtons were set
to record air temperature and relative humidity twice a
day (at 0230 and 1430hrs.).Two iButtonswere deployed
in each cave: one was placed 1–2 m from the ground
on a wall ledge in the twilight zone (i.e., the entrance
area where some light penetrates) and the other was
placed under similar circumstances in the dark zone. 
iButtons in the dark zone were placed in passage or
chamber areas where bats roosted (if bats were pres-
ent) at distances >1 m from roost sites to minimize dis-
turbance. Willis et al. (2009) reported that iButtons may
emit ultrasonic frequencies that may disturb hibernat-
ing bats. iButtons in the dark zone were 45 m (SD 26)
from the entrance, with placement depending on the
length of the cave and the location of hibernating bats.
iButtons in the twilight zone were placed 7 m (SD 5)
from the entrance.
Temperature and bat count data were not normally
distributed, even with transformation. Therefore, a
Mann-Whitney test was used to determine whether
there were significant differences in average winter tem-
perature in caves with and without hibernating bats. An
F-test was used to test for differences in winter tem-
perature variation (calculated as the maximum winter
temperature minus the minimum). Spearman’s rank
order correlation (R) was used to determine whether
bat abundance was correlated with cave length, average
winter cave temperature, minimum temperature, or
winter temperature variation. A Mann-Whitney test
was used to determine whether bat abundance differed
between caves with and without running water (i.e.,
active stream through the cave). 
Results
Bat counts in hibernacula
A total of 1 988 bats were counted in 2010 and 7 076
in 2011. Data for 2009 were incomplete and prelimi-
nary, but they produced numbers similar to those re -
corded in 2010. The large increase in bat numbers in
2011 was due to behavioural changes in bats associated
with the outbreak of white-nose syndrome in Berryton
Cave (McAlpine et al. 2011); both live and recently
dead bats are included in the total for this cave (Table
1). In March 2011, many bats in Berryton Cave were
found to be infected with Geomyces destructans. We
found large numbers of bats roosting low on the walls
near the cave entrance, many of them in an area of high-
ly variable temperature where ice was present. This
behaviour, known to be associated with white-nose syn-
drome (Turner et al. 2011; Langwig et al. 2012), placed
bats in easily visible locations and facilitated counting.
Bats were not observed overwintering in these areas of
Berryton Cave in 2009, 2010, at the outset of the 2011
hibernation period, or in previous decades (DFM, un -
published data). Berryton Cave has narrow, high (≥7 m)
passages (Figure 2), some of which are inaccessible to
investigators. We believe this is where significant num-
bers of bats were roosting in the March 2010 count and
the October 2009 and 2010 visits. Excluding Berryton
Cave data, there was no significant difference between
bat counts in 2010 and 2011 (P = 0.475).
More than 99% of bats counted were Myotis lucifu-
gus or M. septentrionalis. No Eptesicus fuscus (Big
Brown Bat) were observed. A small number of Tri-
colored Bats were observed in Markhamville Mine
(n = 9; February 2010), Glebe Mine (n = 5; February
2010), Berryton Cave (n = 2; March 2010), White Cave
(n = 3; March 2010), Dalling’s Cave (n = 1; November
2009), and Underground Lake Cave (n = 1; March
2010). All P. subflavus were observed hibernating indi-
vidually (i.e., not clustered, as Myotis spp.) and low on
the cave walls. This tendency of P. subflavus to hiber-
nate individually has also been observed in caves in
Ontario (Hitchcock 1949), Missouri (Guthrie 1933),
Arkansas (Briggler and Prather 2003), and Florida
(McNabb 1974).
Cave temperatures
Due to apparent high humidity in caves, iButton
humidity readers malfunctioned and no reliable humid-
ity data were obtained. 
The average annual air temperature of our study
caves, using both twilight and dark zone data, was
5.5°C (SD 1.6) for hibernacula and non-hibernacula
sites combined (n = 9) and 5.2°C (SD 2.1) for hiber-
nacula only (n = 7). These temperatures approximate
the average annual above ground air temperature in
southern New Brunswick, where these caves are locat-
ed (annual average from 1971 to 2000 was 5.1°C (SD
0.8) (Environment Canada 2011*). The average annu-
al dark zone air temperature was 6.0°C (SD 1.3) for
all caves and 5.9°C (SD 1.4) for hibernacula only. The
average dark zone air temperature in non-hibernacula
(n = 2) during winter when bats were present was
3.8°C (SD 2.1), which was not significantly colder
than in hibernacula (5.1°C, SD 1.1, n = 6, W = 29,
P = 0.617). Also, air temperature in hibernacula was
not significantly less variable than in non-hibernacula
(F = 0.31, P = 0.263). The average dark zone air tem-
perature during winter in mines (5.8°C, SD 1.2, n = 2)
was warmer than in caves (4.8°C, SD 1.0, n = 4 hiber-
nacula only; 4.5°C, SD 1.4, n = 6 (all caves)).
As expected, the air temperature in the twilight zone
in all caves was more variable than in the dark zone
(Figure 3). During winter, air temperatures in the dark
zone were higher than in the twilight zone. Those caves
with the largest number of bats (Berryton, White,
Underground Lake, and Markhamville) showed the
least amount of fluctuation in the dark zone air tem-
perature (compared to the other caves). All of these sites
had approximately the same mean dark zone winter
air temperature (4.7°C, SD 0.7) (Figure 4). 
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FIGURE 2. Myotis spp., both individuals and clusters, can be seen roosting high on the left wall of Berryton Cave, New
Brunswick. Circles mark a total of 22 bats. Narrow passages that gradually become restricted as they reach a height
of as much as 7 m make it difficult to count bats at this site. Photo: DFM, 14 December 2011.
FIGURE 3. Average temperature (SD) of surveyed New Brunswick caves over a one-year period from November 2009 to
November 2010. Dark and Twilight refer to the locations of the data loggers within the cave. Mark = Markhamville
Mine, and Lake = Underground Lake Cave. Hibernating bats were not recorded in Dalling’s or Chantal’s caves.
Dark zone data were not available for Kitt’s Cave.
The dark zone temperature of Berryton Cave, the
New Brunswick hibernaculum harbouring the largest
number of bats, was particularly stable. When the iBut-
ton was first deployed in Berryton Cave on 6 October
2009, a temperature of 5.6°C was recorded twice a day
until 8 December 2009, when the temperature gradu-
ally began to fall to a low of 3.1°C at the beginning of
February. The temperature reached 5.6°C again on 6
July 2010 and remained constant until the iButton was
removed on 8 October 2010. 
The resistance of Markhamville Mine to outside cli-
matic influence is also notable. This site demonstrated
the longest lag time in responding to outside seasonal
temperature changes. Markhamville Mine reached its
minimum dark zone temperature (4.1°C) on 22 April
2010 and remained at that temperature until 24 July
2010. Maximum temperature in Markhamville Mine
was reached on 21 November 2010, while the other
caves reached maximum temperatures in early Septem-
ber or early October. Generally, caves reached their
minimum temperatures in early February (lowest aver-
age temperatures in March) (Figure 5). The magnitude
of temperature variation was smallest in late winter/
early spring and greatest in the fall.
No hibernating bats were recorded in Chantal’s
Cave; this was the only cave site where air tempera-
tures below 0°C in the dark zone were recorded (Figure
6). Although three bats were found in Dalling’s Cave
in November 2009, we do not believe this site is rou-
tinely used as a hibernaculum (one freshly dead Myotis
septentrionalis was recorded in Dalling’s Cave in
February 2010). These two sites had the greatest dark
zone winter air temperature ranges, from 2.6 to 9.1°C
(Dalling’s) and −2.9 to 8.1°C (Chantal’s) (higher max-
imum temperatures shown in Figure 6 were reached
during the summer). The winter air temperature in the
hibernaculum with the greatest dark zone winter air
temperature range, Harbell’s Cave, varied from 3.6 to
9.6°C. While the winter air temperature range in Har-
bell’s Cave was almost as great as in Dalling’s Cave,
the minimum dark zone temperature of 3.6°C in Har-
bell’s Cave appears to be high enough that small num-
bers of bats can successfully overwinter at this site.
Only bat abundance data collected in 2010 were
used in our analysis of factors characterizing hiber-
nacula. Data collected in 2009 were preliminary and
missing from most sites. By 2011, white-nose syn-
drome was present in the study area and had clearly
affected bat behaviour at the one cave where it was
detected (McAlpine et al. 2011). 
Bat abundance was not correlated with cave length
(R = 0.577, P = 0.104), minimum dark zone tempera-
ture (R = 0.341, P = 0.408), or average dark zone win-
ter temperature (R = −0.252, P = 0.548), but it was neg-
atively correlated with dark zone winter temperature
variation (R= −0.898, P = 0.002). When non-hibernac-
ula were excluded from the analysis, bat abundance was
negatively correlated with average dark zone winter
temperature (R  = −0.854, P = 0.031) but not with min-
imum dark zone temperature (R = −0.598, P = 0.210).
Caves without running water (n = 6) had significantly
more bats than caves with running water (n = 4) (W =
45.0, P = 0.014). However, these environmental vari-
ables are not independent of each other. The presence
of running water in a cave significantly increases the
temperature variation (W = 15, P = 0.037).
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FIGURE 4. The average dark zone temperature (SD) of New Brunswick caves during the winter (1 November 2009 to 30 April
2010) when bats are present. Dalling’s and Chantal’s caves did not harbor bats. Data for Kitt’s Cave were unavail-
able. Mark = Markhamville Mine, Lake = Underground Lake Cave, and Berry = Berryton Cave.
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FIGURE 5. The combined average dark zone temperature (SD) in seven New Brunswick caves used as bat hibernacula over a
one-year period (November 2009 to November 2010).
FIGURE 6. The maximum and minimum temperatures of New Brunswick caves over a one-year period from November 2009
to November 2010 in the dark zone (D) and the twilight zone (T). Mark = Markhamville Mine and Lake = Under-
ground Lake Cave.
Discussion 
It appears that the number of bats in Berryton Cave
was drastically underestimated in 2010. Counts for oth-
er caves that were not infected with white-nose syn-
drome are generally consistent across years, and we
believe they provide a reliable index of bat numbers.
The structure of the passages in these caves does not
suggest large numbers of bats were uncounted. This is
confirmed by data collected at these hibernacula in
2012 subsequent to this study (in preparation). Even
where white-nose syndrome was present and bat behav-
iour had changed (winter 2012), we did not record the
kind of dramatic increases in bat numbers that we did
in Berryton. While the number of bats counted may not
reflect the absolute number of bats present, consistency
suggests that such counts at some sites may be useful
in the long-term monitoring of bat populations.
The maximum number of overwintering bats we
counted in New Brunswick was ~7 000 in 2011. This
is half the size of the total known overwintering pop-
ulation of Myotis lucifugus in Nova Scotia (~15 000;
Scott and Hebda 2004). There are no summer bat pop-
ulation estimates for New Brunswick, but the summer
population of M. lucifugus in Nova Scotia has been
estimated at ~300 000 (Scott and Hebda 2004). New
Brunswick has 71 450 km2 of land area and Nova
Scotia has 53 338 km2 (Statistics Canada 2005*) with
similar habitat types (Davis and Browne 1996; Zelazny
2007). Extrapolating from the figures in Scott and Heb-
da (2004), we believe New Brunswick may support
numbers of M. lucifugus during the summer months
equal to or greater than the number in Nova Scotia. 
Several North American studies have noted that
known winter populations of cave-dwelling bats are
smaller than summer populations (Griffin 1945; Hitch-
cock 1949; Davis 1959). It is possible that bats may
hibernate in rock crevices and caves unknown and inac-
cessible to investigators. In a Colorado radio-tracking
study, Neubaum et al. (2006) found Big Brown Bats
hibernating in rock crevices. It is worth adding, how-
ever, that this species is noted for its tolerance of low
temperatures. Also, a portion of the summer bat popu-
lation in the Maritimes may possibly overwinter else-
where, such as the northeastern United States, where
suitable hibernacula are more abundant (Wilson 2009*). 
Given the prevalence of white-nose syndrome in the
northeastern U.S., such migrations may have hastened
the spread of white-nose syndrome to the Maritimes.
Wilder et al. (2011) found that caves with many bats
(>1 000) were the first to be affected by white-nose
syndrome. This pattern was observed in New Bruns -
wick; Berryton Cave bat counts were well above those
of other caves in the province, even before white-nose
syndrome was detected at this site. 
The average annual air temperature of all New
Brunswick caves studied (5.5°C, SD 1.6) is similar to
that reported for caves in central Nova Scotia (~5.7°C)
(Moseley 2007b). Generally, temperatures in the dark
zone of caves worldwide closely approximate the mean
annual temperature of the surrounding region (Dwyer
1971). 
The stability of the temperature observed in Berry-
ton Cave, Markhamville Mine, and Underground Lake
Cave can be attributed to a combination of the length
of the cave and the entrance structure. Caves with ver-
tical or inclined entrances act as cold air sumps, which
improve the environment for hibernation by lowering
the temperature and reducing temperature fluctua-
tions (Daan and Wichers 1968). Berryton Cave has a
narrow vertical entrance, Markhamville Mine has a nar-
row inclined entrance with a sustained deepening of the
passages beyond it, and Underground Lake Cave has a
large but deeply inclined entrance. The large body of
stationary water in Underground Lake Cave (ground-
water fed) may also help moderate temperatures at this
site. 
The temperature variability in Harbell’s, Dalling’s,
Kitt’s, and Chantal’s caves is the result of the pres-
ence of an active stream in each of these caves during
the hibernation period. The streams passing through
Harbell’s and Dalling’s caves are particularly active,
and the noise of running water can disturb hibernating
bats (Speakman et al. 1991). Chantal’s Cave has two
entrances, and a noticeable draft through this cave
results in variable and low winter temperatures that
make the site unsuitable for hibernating bats. As well,
Glebe Mine and Harbell’s, Dalling’s, and Chantal’s
caves do not have inclined entrances, so that, unlike the
other caves, they do not trap cold air and are influenced
more by outside temperatures. This is particularly obvi-
ous when the maximum and minimum temperatures of
the caves are considered. 
The difference in the magnitude of the variation in
air temperature between September and November and
between March and June may be due to cave topogra-
phy. In caves with an entrance that includes a vertical
drop, dense, cold air will flow into the cave during cold
weather periods and then remain trapped in the cave
during warm weather. Once such a body of cold air is
established, it appears to be fairly resistant to change as
the above ground air warms. Indeed, none of the New
Brunswick study caves reached their maximum tem-
peratures until early September or October. At this time,
caves no longer appear to be buffered by the internal
body of cold air and therefore experience greater tem-
perature variation. 
The body of cold air is not re-established until early
February or March, when caves reach their minimum
temperatures, and this period is accompanied by a
reduction in temperature variation. Similarly, in Nova
Scotia, maximum cave temperatures were recorded in
September and October and minimum temperatures in
January and February (Moseley 2007b); in Indiana,
maximum cave temperatures were recorded in Septem-
ber and October and minima between January and
March (Richter et al. 1993). These results suggest con-
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siderable similarity in patterns of seasonal cave tem-
peratures across temperate North America.
Bat abundance in the New Brunswick caves studied
was negatively correlated with winter temperature vari-
ation and the presence of running water in the main
passage. In England, Glover and Altringham (2008)
found that bat swarming (mating) activity was negative-
ly correlated with the amount of water passing through
a cave. Briggler and Prather (2003) found that bats in
Arkansas prefer to hibernate in larger caves because
these caves have greater buffering capacity. Bat abun-
dance was not correlated with cave length in New
Brunswick.
Sandel et al. (2001) found that minimum cave tem-
perature was a significant microclimate predictor of the
abundance of bats in Texas hibernacula, but this was
not the case in New Brunswick. Briggler and Prather
(2003) found that Perimyotis subflavus was significant-
ly more likely to be found in Arkansas caves with high-
er temperatures (11.4°C vs. 10.5°C), but in New Bruns -
wick we found bat abundance was negatively correlated
with increasing average winter dark zone temperature,
once non-hibernacula (the two coldest caves) were
excluded. 
Hibernating at warm temperatures leads to increased
energy expenditure but lessens the negative physio-
logical aspects of hibernation (Boyles et al. 2007). It
is possible that, in areas with relatively long hiberna-
tion periods (like New Brunswick), conserving energy
by hibernating at low temperatures is a more effective
strategy than reducing the negative physiological as -
pects of hibernation by roosting at higher temperatures. 
The optimal hibernation temperature for Myotis
luci fugus has been reported as 2°C because metabol-
ic rate is at its lowest at this temperature (Hock 1951;
McManus 1974). However, Boyles and McKechnie
(2010) argue that the optimal hibernating temperature
in environments that are thermally unstable is above the
temperature at which the metabolic rate is minimized.
Microclimates in hibernacula fluctuate over the winter,
and bat energy expenditure is positively correlated with
temperature variation (Boyles and McKechnie 2010).
M. lucifugus incur disproportionately larger energetic
costs roosting at temperatures below 2°C than above
2°C (Boyles and McKechnie 2010). Therefore, to
accom modate temperature fluctuations, the optimal
hibernation temperature for M. lucifugus appears to
be a few degrees above 2°C. 
Wilder et al. (2011) suggest that mines are less like-
ly to be affected by white-nose syndrome than caves,
perhaps due to differences in microclimate or the pop-
ulation dynamics of bats occupying mines, and data
presented by Langwig et al. (2012) indicated that the
impacts of white-nose syndrome are greater in warmer,
more humid hibernacula. In the current study, mines in
New Brunswick were slightly warmer than caves, but
it remains unclear whether such sites offer any kind of
refuge from white-nose syndrome in the Maritimes.
In conclusion, hibernacula in New Brunswick that
support the greatest number of Myotis lucifugus, M.
septentrionalis, and Perimyotis subflavus show little
temperature variation, have average winter dark zone
temperatures of 4–5°C, and have a minimum dark zone
temperature no lower than 3.1°C. New Brunswick
caves with these temperature patterns characteristical-
ly have a main passage length of ≥140 m, do not have
running water, and do not have multiple entrances. 
Few cave sites in New Brunswick meet these crite-
ria, and winter bat counts appear to be well below
estimated summer bat populations. Clearly many bats
either hibernate in unknown and inaccessible locations
in the province or migrate out of the province annually
to locate suitable hibernacula. Such movements may
have hastened the arrival of white-nose syndrome in
New Brunswick, first documented in the province’s
largest hibernaculum in March 2011.
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